Objective: Finite element analysis (FEA) has been suggested to be superior to maximal diameter measurements in predicting rupture of abdominal aortic aneurysms (AAAs). Our objective was to investigate to what extent previously described rupture risk factors were associated with FEA-estimated rupture risk.
Abdominal aortic aneurysm (AAA) prevalence in Sweden is 1.4% in 65-year-old men 1 and 0.5% in 70-year-old women. 2 It is largely an asymptomatic disease, but the aneurysm may rupture with subsequent mortality rates of 100% if it is left untreated and around 40% if surgery is performed. 3 Since many patients die outside of the hospital, total mortality may approximate 90%. 4 After two large randomized trials, the indication for elective repair to prevent rupture has been defined as an AAA diameter exceeding 55 mm. 5, 6 However, a significant portion of all ruptures is reported to occur in patients with smaller AAAs. [7] [8] [9] Various studies have shown that patients with aneurysms of the same diameter may face different rupture risks. Female sex, current smoking, and high mean arterial pressure (MAP) 8 have been identified as risk factors for rupture. Furthermore, a large meta-analysis identified patient age and low body mass index (BMI) as additional risk factors, 10 and the body surface area (BSA)-adjusted diameter has been suggested as an improvement to the standard diameter for female patients with AAA.
computers within a short time. It has been used to study the biomechanical characteristics of AAAs and has been suggested to be a more accurate method of rupture prediction than standard diameter measurements. Initial studies used peak wall stress (PWS) as a predictor variable, [12] [13] [14] whereas more recent investigations have combined wall stress with a wall strength model based on ex vivo experiments, 15 resulting in a wall stress/wall strength ratio, referred to as peak wall rupture index. Both PWS and the peak wall rupture index are elevated in symptomatic 16 and ruptured [16] [17] [18] [19] [20] AAAs. To facilitate the interpretation of the peak wall rupture index, it can be converted into a rupture risk equivalent diameter (RRED), which translates this index into an average diameter of corresponding rupture risk. 21 Whereas the PWS and peak wall rupture index of women have been studied previously, 22 no such characterization has been performed with respect to age, body size, family history, tobacco smoking, or MAP. The objective of the current study was to investigate if these rupture risk factors correlated with PWS and RRED in order to gain biomechanical insight into what has been observed epidemiologically as well as to assess the ability of FEA to consider clinically important patient characteristics.
METHODS
Patients. Patients diagnosed with an infrarenal AAA and who had undergone at least one computed tomography angiography (CTA) study between the years 2009 and 2013 were retrospectively identified through the outpatient clinic at the Department of Vascular Surgery of the Karolinska University Hospital in Stockholm, Sweden. Inclusion criteria were an asymptomatic AAA with a maximal diameter of 40 to 60 mm, according to radiologists' or vascular surgeons' measurements obtained from patient records, and high-quality CTA performed with sections thinner than 5 mm. Exclusion criteria were missing data on age, gender, blood pressure, weight, height, or tobacco smoking; ambiguous CTA images or technical errors; inflammatory aneurysm; saccular shape (because of technical restrictions); highly complex anatomy; and previous aortic surgery, rupture, or dissection. Of a total of 337 patients considered, 146 patients who fulfilled inclusion and did not meet exclusion criteria were consecutively included. A previous study conducted by our group included 41 of these patients. 23 Data extraction. Images from CTA examinations were downloaded from the hospital picture archiving and communication system. Patient characteristics previously associated with risk of AAA rupture, such as age, gender, blood pressure, tobacco smoking, BMI, 10 and BSA, 24 as well as height, weight, and family history were collected from patient records. MAP was defined as the diastolic blood pressure plus one-third of the pulse pressure. Positive family history was defined as a firstdegree relative with AAA. If family history was not explicitly mentioned in patient records, it was assumed to be absent. Ethical permission and waiver of consent were granted by the regional ethics review board in Stockholm, Sweden.
FEA. All FEAs were carried out with commercially available software (A4clinics Research Edition; VASCOPS GmbH, Graz, Austria). The process by which FEA was performed has been described previously. 17, 25 In short, a digital three-dimensional model of the AAA, which included the intraluminal thrombus (ILT), was semiautomatically segmented from CTA images. The AAA wall and ILT were considered hyperelastic, incompressible, and isotropic according to a material model described previously. 26 Wall strength was subsequently adjusted on the basis of previous ex vivo testing 15 for gender, family history, local ILT thickness, and local relative diameter expansion compared with the expected healthy diameter, which in turn was based on gender and age. Local wall thickness was estimated on the basis of the local thickness of the overlying ILT. 27 Stiffness of the ILT decreased by 33% from its luminal to abluminal layers. 28 Wall strength and ILT stiffness were further lowered by 50% and 60%, respectively, to account for physiologic pulsatile loading. 28 The model was then divided into a mesh of finite elements, loading of MAP was simulated, and structural analysis was completed (Fig 1, A) . All measurements and FEA were made between the most caudal renal artery and the aortic bifurcation. Maximal orthogonal diameter, ILT volume, and lumen volume were measured from the AAA model. The output variables of the FEA were PWS, the highest stress in the vessel wall, and the maximal wall stress/wall strength ratio or peak wall rupture risk. The peak wall rupture risk was translated into an RRED, an average diameter of corresponding annual rupture risk 21 (Fig 1, B) , to facilitate interpretation of the results. All FEA was performed both with and without patientspecific characteristics. In the neutral analysis, all patients were given uniform characteristics in which MAP was entered as 100 mm Hg, family history as negative, gender as male, and age as 65 years old; the specific analysis included patient-specific MAP, family history status, gender, and age. These two analyses were performed to determine which patient characteristics were, independently of the wall strength model described above, related to biomechanical rupture risk.
Statistical analysis. Continuous variables were evaluated with linear univariate or multivariate regression and categorical variables with the c 2 test. Two and three multivariate regression models of increasing complexity were used for PWS and RRED, respectively. These adjusted for patient characteristics (model A); patient characteristics and aneurysm geometry (model B); and patient characteristics, aneurysm geometry, and PWS (model C). Height, weight, BSA, and BMI could not all Diagnostic plots of the residuals were inspected to detect nonlinearity, non-normality, heteroscedasticity, and highly influential outliers. The null hypothesis was rejected if the two-tailed P value was < .05. All analyses were performed with the R statistical programming environment. 29 
RESULTS
Patient characteristics. Of the 146 included patients, 23 (16%) were female, 52 (36%) were current smokers, and 15 (10%) had a family history positive for AAA (Table I) Positive family history was more common (P ¼ .019) in female patients (26%) compared with male patients (7.3%), whereas current smoking was evenly distributed between the genders (P ¼ .53) and family history statuses (P ¼ 1.0). Female patients were older than their male counterparts, and height as well as weight decreased with age and female gender (Supplementary Table I , online only). Current smokers were younger than previous/never smokers. No patient characteristic correlated with the clinical diameter. Family history was unknown for 64 patients (44%).
FEA.
Results of univariate linear regression are displayed in Supplementary Table II (online only) . Multivariate linear regression was performed, with the same independent variables as in the univariate analysis, for PWS (Table II) and RRED (Table III) . The conditions for FEA were neutral or specific, in which patient age, gender, family history, and MAP were uniform or patient specific, respectively. Regression was performed in a series of two or three regression models of increasing complexity. The models included the following as independent variables: patient characteristics (model A); patient characteristics and aneurysm geometry (model B); and patient characteristics, aneurysm geometry, and PWS (model C). All regression analyses were, on inspection of diagnostic plots, adequately free of nonlinearity, non-normality, heteroscedasticity, and highly influential outliers.
Results for PWS are summarized in Table II . PWS neutral correlated with patient height and female gender, the latter of which was significant only in model B but showed a similar trend (P ¼ .060) in model A. In models A and B, PWS specific correlated with patient height and MAP, whereas a trend toward increased PWS specific with female gender was observed. For both neutral and specific FEA, maximal diameter (models A and B) and lumen volume (model B) correlated positively and ILT volume correlated negatively (model B) to PWS. Age, tobacco smoking, family history, and patient weight were unrelated to PWS in all models.
Results for RRED are summarized in Table III . In models A and B but not in model C, RRED neutral was elevated in female patients and correlated with patient height and diameter. Smoking increased RRED neutral in model C. RRED specific correlated with female gender, patient height, positive family history, and MAP but not patient age. Smoking increased RRED specific in model C. For both neutral and specific FEA, maximal diameter (models A and B) and lumen volume (models B and C) correlated with RRED, and high ILT volume increased RRED in model C only. Age and weight were unrelated to RRED in all models except for a trend toward lower RRED specific with higher age in model C (P ¼ .074). On qualitative inspection of the aneurysm geometry, AAAs with high RRED tended to feature a large lumen relative to the ILT, whereas those with low RRED displayed a relatively larger, more stressbearing ILT (Fig 2) .
Results remained similar when BSA and BMI replaced patient height and weight as covariates. In models A and B, BSA correlated with PWS neutral and PWS specific as well as with RRED neutral and RRED specific , whereas BMI correlated inversely with the same (Supplementary  Tables III and IV , online only). However, BSA and BMI were unrelated to RRED and PWS in model C.
DISCUSSION
A number of clinically important rupture risk factors were in the current study independently associated with the wall stress, PWS, and the wall stress/wall strength ratio, RRED, of the AAA. Specifically, female gender, patient height, and BSA as well as low BMI correlated with increased PWS. The RRED was elevated with female gender, current smoking, large aneurysm diameter, increased patient height and BSA, and low BMI. Elevated MAP and positive family history increased PWS and RRED when directly included into the FEA. Patient age did not correlate with any of the biomechanical variables investigated.
Variables PWS and RRED were to a varying degree affected by patient characteristics. Female patients with AAA are as much as four times as likely as male patients to suffer from rupture 10 and have previously been
shown to trend toward increased specific wall stress/ wall strength ratio (equivalent to RRED specific ), 22 which put into question the diameter threshold established by randomized trials in which female patients were in the minority. In line with these observations, the present results demonstrate further that female gender, compared with male gender, increased PWS neutral , RRED neutral , and RRED specific . Patient height correlated with PWS neutral , PWS specific , RRED neutral , and RRED specific in a similar fashion. Height has previously been linked to AAA prevalence 30 and, in one study, to aortic aneurysm rupture. 31 Whereas the latter study did not specifically investigate rupture of the abdominal aorta, and indeed, a share of the ruptures could be attributed to connective tissue diseases like Marfan syndrome that are also related to increased patient height, the sample's mean age of 55 years 31 and the far higher prevalence of the common AAA make it unlikely that connective tissue disorders can explain this association entirely. Female gender and patient height were both related to RRED neutral in a diameterand volume-independent but PWS neutraldependent manner. This suggests that female gender and patient height increase rupture risk by elevation of wall stress. Conversely, smoking increased RRED neutral and RRED specific independently of all investigated variables when these included PWS neutral or PWS specific , which implies that smoking decreases aneurysm wall strength. When BMI and BSA replaced height and weight as covariates in the multivariate analysis, low BMI and high BSA were associated with increased RREDneutral and RRED specific in a wall stress-dependent way. The negative association between BMI and rupture risk has previously been observed in the large-scale RESCAN meta-analysis. 10 In another report, 82% to 83% of patients who suffered from a ruptured AAA had a BSA higher than the gender-specific mean. 11 In conclusion, gender, body size, and smoking appear to significantly affect the mechanical state of the aneurysm.
The positive association between rupture risk and age described in the RESCAN meta-analysis 10 was not supported by our results, in which PWS and RRED were unrelated to patient age. In that meta-analysis, however, adjustment could be made only for maximal diameter, age, and calendar time. An underlying association between female gender and higher age, as could be observed in the patient sample of the current study, could have affected the results. In the largest of the patient cohorts included in the RESCAN study, age was unrelated to rupture when full multivariate adjustment was made. 8 Variables not related to biomechanics in the neutral FEA included family history of AAA, which is not considered a rupture risk factor but has been suggested as predictive of rapid diameter expansion, 32 and MAP. These characteristics thus do not appear to relate to any geometric difference as can be revealed in neutral FEA but are important in the specific analysis that has been used in previous studies. 16, 17, 20, 23 In specific FEA, wall strength was reduced with female gender and positive family history, 15 and the model was loaded with patient-specific MAP. Consequently, RRED specific showed strong correlation with these factors. The maximal diameter, ILT volume, and lumen volume were all related to RRED and PWS. An ILT of large volume will cushion more stress and therefore decrease PWS, but it has dual effects on RRED in that it decreases not only wall stress 33 but also wall strength. 15 These effects cancel each other out in multivariate regression that does not include PWS, and the lack of a direct association between ILT volume and rupture risk, when adjustment was made for aneurysm diameter, agrees with results presented by Golledge et al. 34 If, however, PWS was included as a covariate, the RRED-increasing effect of the ILT became apparent. The mechanical effect of current smoking appears to be of a similar nature, presumably because of the variations in the ILT and Table III . Continued.
Fig 2.
Aneurysms of high and low rupture risk index. The five aneurysms of lowest (top row) and highest (bottom row) peak wall rupture index (PWRI), which can be translated into a rupture risk equivalent diameter (RRED), are displayed in full as well as in cross section; blue indicates low and red indicates high rupture risk index.
aneurysm structure that cannot simply be explained by volume or diameter. Last, the volume of the lumen was highly influential for PWS and RRED. Some limitations to the employed methodology merit consideration. PWS 12, 19 and the peak wall rupture index (equivalent to RRED) 17, 18 have been shown to correlate with risk of rupture but have not been validated as rupture risk predictors in a prospective setting. The proposed predictors also rely on assumptions of wall thickness and strength based on previous ex vivo studies 15, 26, 28 on aortic tissue because these variables cannot be measured directly from CTA. The constitutive properties of the ILT are difficult to model precisely. The ILT was considered, on the basis of previous ex vivo testing, 28 incompressible, attached to the aneurysm wall, and nonporous. On the contrary, ILT compressibility has been observed with large interpatient variation, 35 and it remains unclear to what extent the ILT is attached to the vessel wall. 36 The implementation of poroelasticity into FEA of the ILT, however, does not seem to significantly affect wall stress predictions. 37 
CONCLUSIONS
The associations between increased risk of rupture and female gender, smoking, elevated blood pressure, large aneurysm diameter, and low BMI that have been observed in epidemiologic investigations could in the current study be attributed to biomechanical conditions of AAAs as estimated by FEA. Furthermore, in contrast to ILT volume, the volume of the effective lumen exhibited strong correlation with both wall stress and stress/strength ratio of the aneurysm in a diameterindependent manner. The observed results suggest that rupture risk prediction with FEA weighs the mechanical impact of several important patient characteristics as well as aneurysm geometry and could offer physicians further information on the prognosis of their patients' AAA above that of standard diameter measurements. Clinical implementation of this method awaits prospective validation. 
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